INTRODUCTION
Physiologically, strains of the ascomycetous yeast species Yarrowia lipolytica (Wickerham, Kurtzman & Herman) van der Walt & von Arx have been found to be of biotechnological importance. Although they assimilate only a few carbon compounds commonly tested in yeast classification (Barnett et al., 2000; Yarrow, 1998) , the strains are able to grow on various types of hydrocarbons (Wickerham et al., 1970) and, therefore, are used to produce single-cell proteins from these compounds. Additionally, it has been observed that Y. lipolytica can secrete several kinds of metabolites in large quantities, such as organic acids (Franke-Rinker et al., 1983; Furukawa et al., 1982; Kapoor et al., 1982; Mattey, 1992; Oogaki et al., 1983; Tsugawa et al., 1969) and extracellular proteins (Abdelal et al., 1977; Ogrydziak, 1988; Ogrydziak & Scharf, 1982; Yamada & Ogrydziak, 1983) . Among the latter, the lipases are very significant (Fickers et al., 2003; Hadeball, 1991; Kalle et al., 1972; Novotný et al., 1994) . The reviews of Barth & Gaillardin (1996 , 1997 contain additional references on these topics.
Y. lipolytica is the only known taxon in the teleomorph genus Yarrowia and has its anamorph in the genus Candida as Candida lipolytica (F. C. Harrison) Diddens & Lodder (van der Walt & von Arx, 1980; Kurtzman & Fell, 1998) . Analyses of the 18S rRNA gene (Barns et al., 1991) and the 26S rRNA gene (Kurtzman & Robnett, 1995 , 1998 have shown that Y. lipolytica is taxonomically assigned to the Hemiascomycetes, a class that contains very divergent groups of yeasts, from which the species differs by several properties such as the relatively high G+C content of the nuclear DNA (nDNA) (Kurtzman & Fell, 1998) and the unique genomic organization of the rRNA genes (Fournier et al., 1986) . Reports on intraspecific differences in the genetic make-up of Y. lipolytica have also been published. Naumova et al. (1993) mentioned the presence of chromosomal polymorphism and, studying the triacylglycerol lipase gene family, Bigey et al. (2003) found sequence differences in the coding region of the lipase genes in Y. lipolytica and Candida deformans, the latter, by phenotypic comparison, considered as one of the synonyms of Y. lipolytica (Kurtzman & Fell, 1998; Barnett et al., 2000) . Therefore, Bigey et al. (2003) considered C. deformans to be a taxon separate from Y. lipolytica, and this view is supported by their finding of 14 nucleotide differences in domains 1 and 2 of the 26S rRNA gene (D1/D2). In view of the taxonomic conclusion of Bigey et al. (2003) and the biotechnological importance of Y. lipolytica strains, it seemed useful to re-examine the type strains of all 11 basionym species placed in synonymy with Y. lipolytica (Kurtzman & Fell, 1998; Barnett et al., 2000) and to reevaluate the classification of the genus. The methods and criteria applied here were PCR-mediated fingerprint determinations, whole-genome comparisons and sequence analyses of D1/D2 and the ITS (internal transcribed spacer) domains. The ability to produce ascospores was reexamined. Along with strains previously classified as Y. lipolytica or C. deformans, six strains isolated from spoiled food from different sources in Norway were included that showed similar physiological properties to Y. lipolytica but differed in molecular markers. In some parts of this study, strains were added of the species Candida galli Péter, Dlauchy, Vasdinyei, Tornai-Lehoczki & Deák (Péter et al., 2004) and Candida yakushimensis, the latter being introduced by Benno (2004) without a Latin diagnosis and therefore a nomen invalidum. These strains were isolated from poultry and termites, respectively, and showed similar physiological properties to Y. lipolytica and C. deformans.
METHODS
Strains. The strains studied, their origin and original denomination are listed in Table 1. DNA extraction. For PCR-fingerprinting experiments and sequencing, DNA was extracted from yeast cultures grown on GPYA medium (4 % glucose, 0.5 % peptone, 0.5 % yeast autolysate, 2 % agar) for 1-3 days using the Bio 101 System and Fast DNA kit (Q Biogene). To determine the G+C content and to perform nDNA reassociations, DNA was extracted by hydroxyapatite column chromatography as described previously (Smith et al., 1995) from cells grown in 2 l YM broth (Yarrow, 1998) for 2 days.
PCR-fingerprinting analysis. For PCR-fingerprinting analyses, the core sequence of the bacteriophage M13, 59-GAGGGTGGCGGTTCT-39 (Vassart et al., 1987; Meyer et al., 1997) , and primer (GAC)5 (Baleiras Couto et al., 1996) were used as single primers in PCR amplifications. The final reaction mixtures (50 ml) contained 200 mM each dNTP (Bioline), 1.5 mM MgCl 2 and 16 NH 4 buffer supplied with 2 U BIOTAQ DNA polymerase (Bioline), 0.5 mM primer and 1 ml genomic DNA. The reactions were processed in a GeneAmp PCR System 9700 (Applied Biosystems) with the following program for the M13 primer: 94 uC for 120 s at the start, followed by 40 cycles of 94 uC for 30 s, 50 uC for 60 s and 72 uC for 120 s and a final extension of 72 uC for 7 min. For the (GAC)5 primer, the annealing temperature was raised to 54 uC. The PCR products were separated on 1.5 % agarose gels in 16 TAE buffer at 30 V for 20 min followed by 80 V for 2 h. Gels were stained with ethidium bromide and photographed in UV light. Group designations were made by visual inspection of the gels.
DNA G+C content and DNA-DNA reassociations. DNA G+C content was determined by the thermal denaturation (T m ) method of Marmur & Doty (1962) and levels of DNA-DNA reassociation were determined spectrophotometrically using the method of Seidler & Mandel (1971) as modified by Kurtzman et al. (1980) . Reassociation experiments were performed twice. Strains used in reassociation experiments are indicated in Table 1. rRNA gene sequencing and sequence analysis. To amplify the rDNA for sequencing, primers V9G (de Hoog & Gerrits van den Ende, 1998) and LR5 (Vilgalys & Hester, 1990) were used in the following reaction mixture (50 ml): 200 mM each dNTP (Bioline), 10 mM Tris/HCl (pH 9.5), 50 mM KCl, 1.5 mM MgCl 2 , 0.01 % gelatin, 0.5 U BIOTAQ DNA polymerase (Bioline), 0.5 mM each primer and 1 ml genomic DNA. The PCR was processed in a GeneAmp PCR System 9700 (Applied Biosystems). The following program was used: 94 uC for 5 min at the start followed by 35 cycles of 94 uC for 35 s, 55 uC for 50 s and 72 uC for 2 min and a final extension of 72 uC for 5 min. The specificity of the PCR product was checked on an agarose gel before it was purified by GFX columns (Amersham Pharmacia). To sequence both strands of the D1/D2 domain of the 26S rRNA gene, primers NL-1 and NL-4 (O'Donnell, 1993) were used, whereas primers ITS1 and ITS4 (White et al., 1990) were used for the ITS domain (ITS 1, ITS 2 and the intervening 5.8S rRNA gene). Sequencing was performed using the BigDye terminator chemistry (Applied Biosystems) following the manufacturer's instructions. The final sequence reaction mixture (10 ml) contained 1 ml BigDye terminator ready reaction mix v. 3.1 (Applied Biosystems), 1 ml (5 mM) primer, 3 ml BigDye dilution buffer (Applied Biosystems), 4 ml MQ water (Millipore; product no. Biocel A 10) and 1 ml PCR product. The sequencing reactions were purified using G50 Superfine Sephadex columns (Amersham Pharmacia) and loaded on an ABI 3730 XL Genetic Analyzer (Applied Biosystems). Sequences of D1/D2 and the ITS domains were edited and trimmed using the BioEdit sequence alignment editor, version 7.0.2 (Hall, 1999) . Some strains had double peaks at several positions for the ITS sequence, and these haplotype polymorphisms were determined by cloning. The D1/ D2 and ITS sequences were aligned using the CLUSTAL X software (Thompson et al., 1997) and adjusted manually by visual inspection. Phylogenetic analyses were performed using a maximum-likelihood On: Sat, 20 Apr 2019 00:59:09 phylogenetic approach based on PHYML software (Guindon & Gascuel, 2003; Guindon et al., 2005) and also using the Bayesian Markov chain Monte Carlo method based on MrBayes software (Ronquist & Huelsenbeck, 2003) and were based on a concatenated alignment of the ITS and D1/D2 datasets. Candida hispaniensis CBS 9994 (Kurtzman, 2005) was used as the outgroup in all the analyses.
Cloning. Primers V9 and LR5 were used in a PCR to amplify the yeast DNA using conditions described previously. PCR products were purified using GFX columns (Amersham Biosciences) and ligation was carried out using the pGEM-T kit (Promega). Electroporation of electrocompetent Escherichia coli DH10B cells (Invitrogen) was done according to manufacturer's instructions.
Blue/white screening of transformants was performed by plating on selective Luria-Bertani (LB) agar plates containing 100 mg ampicillin ml 21 (Sigma), 40 mg X-Gal ml 21 (Promega) and 20 mg IPTG ml 21 (Sigma).
Single-colony transformants were transferred individually to vials of 15 ml LB broth containing 100 mg ampicillin ml
21
. A direct colony PCR was performed by transferring 1 ml bacterial suspension from the previous transformant dilution into a PCR containing flanking primers T7 and SP6 (Promega).
The size of the insert was determined by electrophoresis on a 1 % agarose gel.
Transformants carrying the pGEM plasmid containing the V9-LR5 insert were cultured in LB broth containing 100 mg ampicillin ml 21 . Preparation of plasmid DNA for sequencing purposes was carried out using a plasmid mini prep kit (Marligen) to obtain high-purity plasmid DNA. Of each strain, three transformants containing the V9-LR5 PCR product were sequenced using the procedure described above.
Ascospore formation. Ascospore production was tested by inoculating cultures, grown in 5 ml broth containing glucose (4 %), tryptone (1 %) and yeast extract (5 %) for 1-2 days, on YM agar medium (Yarrow, 1998) Three novel Candida species related to Y. lipolytica 1970) or with strains of known mating type. Ascospore formation was followed at regular intervals from 3 days up to 4 weeks.
Physiology. Physiological characteristics were determined in microplates (Kurtzman et al., 2003) and processed using the BioloMICS system (Robert, 2003) . All tests were replicated. Growth at different temperatures was determined by incubation on GPYA for 48 h.
RESULTS AND DISCUSSION
Molecular analysis PCR fingerprinting. In order to select strains for nDNA reassociations, PCR fingerprints of all strains except CBS 10250 and strains of the species C. hispaniensis and C. yakushimensis nom. inval. (Table 1) were determined using the primers M13 and (GAC)5. Six different fingerprint types were obtained with each primer. Results obtained with each of the primers showed identical grouping of the strains. In Fig. 1 Intra-and interspecific reassociation values among the selected strains are shown in Supplementary Fig. S1 (available in IJSEM Online). The strains were separated into six groups, which coincided with the grouping based on fingerprints. The major group of 12 strains, including the type of Y. lipolytica and seven synonyms, showed DNA reassociation ranging from 92 to 100 %, which indicates that the strains of this group are conspecific. High reassociation values ranging from 84 to 100 % were observed among the two C. deformans strains and CBS Preliminary phylogenetic analysis containing all the haplotypes resulted in the same topology as it did when only one haplotype per strain was included. The trimmed alignment of the D1/D2 sequences resulted in 505 characters, whereas the ITS alignment yielded 329 characters. Table 1 presents the accession numbers of the strains included. The Bayesian phylogenetic analysis allowed the separation of the strains into six wellsupported clades with 99 or 100 % probability ( Fig. 2) : I, Y. lipolytica; II, C. yakushimensis nom. inval.; III, CBS 10145, CBS 10146, CBS 10147 and CBS 10148 (Candida oslonensis sp. nov.); IV, C. galli; V, C. deformans; and VI, CBS 10149 and CBS 10151 (Candida alimentaria sp. nov.). Strain CBS 4855 was separated from all the clades. CBS 10149 and CBS 10151 diverged by nine characters in the D1/D2 sequences but only by one character in the ITS sequences. Most yeast species are more conserved in D1/D2 than in the ITS domain, and it has been suggested that strains showing more than 1 % difference or 3 nucleotide differences in this domain are likely to represent different species (Kurtzman & Robnett, 1998; Fell et al., 2000) . Others, however, have seen greater differences in D1/D2 between strains of the same species (Lachance et al., 2003) . Low sequence divergence in the ITS domain, fingerprinting results and DNA-DNA reassociation data support the hypothesis that the two strains CBS 10149 and CBS 10151 belong to the same species. The Bayesian and maximum-likelihood analyses (data not shown) of both domains support the distinction between the three recognized species and three additional evolutionary groups that may represent novel species.
Mating studies
Crosses among strains assigned to Y. lipolytica sensu stricto by PCR-fingerprint patterns, DNA reassociations and sequence data resulted in the production of ascospores varying from very good (+++) to low (+). By applying various crossing combinations, 15 strains could be designated mating type A and 16 strains mating type B: four strains, including the type strain, were self-sporulating and one strain was not tested (Table 1) . Intraspecific mating of strains of the C. deformans reassociation group with inclusion of CBS 2076 (labelled Y. lipolytica) did not result in the development of the teleomorph state in culture, neither did the mating within the species C. galli or within the other reassociation groups. However, asci with hat-shaped ascospores were observed in some interspecific crossings. Positive results, although low (+), were observed after mixing the two strains of C. galli with Y. lipolytica mating type A strains CBS 6124.1 and CBS 6303. Consequently, both isolates of the former species must belong to mating type B. Moderate (++) to low (+) ascospore formation was also observed by mixing the two strains of C. galli with strain CBS 2076 of the C. deformans reassociation group (Fig. 3) . Consequently, strain CBS 2076 could be designated mating type A. Ascospores were not produced by the individual cultures.
The occurrence of mating among groups showing low DNA-DNA relatedness has been observed previously in polyphasic studies of the genera Stephanoascus (UedaNishimura & Mikata, 2002), Zygoascus (Smith et al., 2005) and Arthroascus (Naumov et al., 2006) . The latter study in particular showed by genetic analysis that recombinants were not produced, despite the occurrence of mating between taxa showing low DNA-DNA relatedness. Consequently, the presence of mating indicates close relatedness and not conspecificity per se. Molecular data reveal the extent of relatedness.
Physiology
The physiological characters of the novel species proposed are presented in Table 2 . Reliable identification on the basis of physiological characters seems unlikely because of the few available isolates of each taxon. Therefore, molecular determinations using ITS and D1/D2 rDNA sequences are recommended.
Conclusions
Based on the total evidence from PCR fingerprinting, DNA-DNA reassociation studies, ITS and large-subunit rDNA phylogenies, we conclude that the strains included in the present study represent six distinct, although related, species. Three of these species are novel and are described formally below. In YM liquido post dies 3 ad 25 u C, cellulae vegetativae ovoidae aut globosae (3.0-6.063.0-9.0 mm), singulae, binae vel racemis parvis connexae, hyphae absunt. In YM agaro post dies 3 ad 25 u C pseudohyphae et hyphae verae formantur. Charactera physiologica in In YM liquido post dies 3 ad 25 u C, cellulae vegetativae ovoidae aut globosae (3.0-6.064.0-7.0 mm), singulae, binae vel racemis parvis connexae, hyphae absunt. In YM agaro post dies 3 ad 25 u C pseudohyphae et hyphae verae formantur. Charactera physiologica in Table 2 . Candida alimentaria (a.li.men.ta9ri.a. L. fem. adj. alimentaria relating to food, because the specimens were isolated from different food products).
Mycobank number MB 510770.
After 3 days at 25 u C in YM broth, cells are ovoid to globose, 3.0-6.064.0-7.0 mm in size. Vegetative reproduction is by multilateral budding and cells occur singly, in pairs and in small clusters. No hyphal elements are produced. On Dalmau plate with YM agar, pseudohyphae and true hyphae are produced after 3 days at 25 u C. Physiological characters are presented in Table 2 . In YM liquido post dies 3 ad 25 u C, cellulae vegetativae ovoidae aut globosae (3.0-5.065.0-9.0 mm), singulae, binae vel racemis parvis connexae, hyphae absunt. In YM agaro post dies 3 ad 25 uC pseudohyphae et hyphae verae formantur. Charactera physiologica in Table 2 . Mycobank number MB 510771.
After 3 days at 25 u C in YM broth, cells are ovoid to globose, 3.0-5.065.0-9.0 mm in size. Vegetative reproduction is by multilateral budding and cells occur singly, in pairs and in small clusters. No hyphal elements are produced. On Dalmau plate with YM agar, pseudohyphae and true hyphae are produced after 3 days at 25 u C. Other physiological characters are presented in Table 2 .
Type strain: CBS 4855 T (5NRRL Y-48254 T ), isolated from the back of a cow in The Netherlands, is deposited as a lyophilized preparation in the collection of the Centraalbureau voor Schimmelcultures, Utrecht, The Netherlands.
The formal description of Candida yakushimensis is left to Y. Benno and co-workers, who introduced this taxon as a provisional name without Latin diagnosis (Benno, 2004) .
